Introduction 


Geology and descriptive plant ecology allied with plant geography, have probably 
contributed most to the development of the interdisciplinary study of the vegetation 
of the past by pollen and macrofossil analysis. The kinds of investigation carried out, 
the methods used, and the form of analysis of the information obtained have tended 
to reflect the initial training of the investigator and the assumptions his discipline 
makes as to which kinds of information are significant. This may have the disad- 
vantage that the full possibilities of the rich information contained in pollen and seed 
diagrams are not realised. 

If the approach has been through geology, there will have been concern with the 
exact determination of fossils, regional stratigraphic correlation of fossil assemblages, 
and the establishment of an accurate time-scale. The geological approach means that 
the stratigraphic column at each locality must be divided into units for purposes of 
description and correlation, hence the use of pollen zones. Cushing (1967) has dis- 
cussed the status of pollen zones from the viewpoint of stratigraphic geology. They 
are ‘assemblage zones’ which are defined by the American Commission on Strati- 
graphic Nomenclature (1961) as ‘purely biostratigraphic units, which although highly 
discontinuous laterally can be recognised over a geographic and stratigraphic inverval 
sufficiently great to make them useful for correlation. They carry no ecologic or 
climatic implications.’ The methodology and assumptions of stratigraphic geology 
have probably been the primary influence in determining how the data of pollen and 
macrofossil analysis are handled. 

Descriptive plant ecology and plant geography provide another very important 
approach. Here the investigator’s starting point is field experience of the taxonomic 
composition of different kinds of vegetation and of the occurrence of rare or disjunct 
species. The vegetation and plant distributions of the past are investigated, partly for 
their own interest and with a view to characterising them in detail, partly because 
their study illuminates the present. This disciplinary approach underlies attempts to 
describe the vegetation of the past by detailed comparative studies of modern and 
fossil pollen and seed rain (Davis 1967, Tauber 1967, Birks 1973). The questions it 
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poses relate to the composition of the species assemblage and the geographical loca- 
tion of significant species at any one time. This essentially static and descriptive study 
generally leaves the more dynamic aspects of vegetation out of consideration. 

It is possible to look at pollen and seed diagrams differently, from the point of 
view that they are a composite record of a number of plant populations, each of which 
might grow, remain stable, or decline with time. If one can isolate the record of any 
species, express it satisfactorily in numbers, and fit a time scale to it, a new kind of 
information may come to light. It relates to the population ecology of species seen in 
the perspective of long periods of time, far longer than the lifetime of one observer 
or than the greatest period for which we have historical documents. It is the thesis of 
this paper that an approach to pollen diagrams which draws on the discipline of 
population ecology for its ideas has not been tried, and that it is profitable to look at 
a number of published investigations in some detail to see whether such an approach 
might be of value. 

It may be questioned whether pollen data are suitable for this kind of use, but it 
is also relevant to consider their advantages. As is well known, pollen and spores have 
such dispersal characteristics that they are effectively mixed in air, and often also in 
water (Davis 1968). A pollen count from sediment is generally a statistically valid 
sample of the contemporary pollen in the air. The mixing of pollen in air and water 
homogenises the separate records of the different plant communities which produced 
the pollen. The pollen curve for any species is, therefore, a record of that part of the 
population that is near enough to the site of sedimentation to contribute pollen, 
irrespective of the pattern in which individuals may be dispersed. The relation of the 
pollen representation of a species at any level to its population size in the field, 
expressed as numbers of individuals per unit area, poses well-known problems. The 
main difficulties lie in an oversimplified concept of ‘pollen rain’ (Tauber 1967) and 
in the likelihood that lakes of different sizes and shapes may have different charac- 
teristics as pollen traps (Davis 1967, Pennington 1973). However, at any site, level to 
level comparisons of the pollen representation of a species allow one to assess whether 
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the trend for a population is growth, stability, or decline, irrespective of the actual 
numbers of individuals. The value of pollen diagrams for population studies is, 
therefore, that trends in population size can be established and an accurate time scale 
fitted to them. From this further conclusions of value may follow. 

A number of technical advances in Quaternary palaeoecology favour the study of 
populations. The first is the provision of highly accurate time-scales. The fact that 
certain kinds of lake may deposit sediment in readily identifiable annual bands 
(Tippett 1964, Anthony 1971) means that an exact chronology is available at a few 
favoured sites. The only limitation is that the annual bands may be very thin, so that 
they cannot be sampled individually. At Lake of the Clouds, Minnesota (Craig 1970) 
annual bands were sampled for pollen analysis in segments representing 8-13 years 
of sedimentation (Table 1). A very valuable, but somewhat less accurate time scale is 
provided by closely spaced serial radiocarbon dates in homogeneous lake sediments 
(Davis 1967, Pennington & Bonny 1970, Stuiver 1971). From these the rate of sedi- 
mentation can be calculated and the annual increment of sediment estimated 
throughout a core. The second advance, which depends on accurate knowledge of 
sedimentation rates, is the study of annual pollen influx into lakes, expressed as 
influx/cm?/annum for each taxon. This procedure, of which the work of Davis 
(1967) at Rogers Lake, Connecticut, is probably the best-known example, makes it 
possible to escape from one of the limitations of classical pollen analysis, in which the 
pollen representation of each taxon at any level is calculated as a percentage value of 
the sum of all taxa. This has the disadvantage that the numerical representation of 
each species is influenced by fluctuations in the values of others. The calculation of 
pollen influx values allows the investigator to follow the record of each taxon in isola- 
tion. In practice, pollen influx calculations are less important than might be thought. 
Throughout the post-glacial, sedimentation rates in lakes so far investigated and total 
pollen influx vary within narrow limits over long periods of time (Davis 1967, Stuiver 
1971, Craig 1972). In these circumstances percentage pollen diagrams and pollen 
influx values provide closely similar records. 

These considerations suggest that, given an accurate time scale provided by 
annual bands or serial radiocarbon dates, and given a pollen record based on pollen 
influx values, or less satisfactorily, in the post-glacial, on percentage pollen counts, it 
is possible to study the growth, stability, or decline of the population of certain 
species over long periods of time at certain favoured sites. This paper attempts to 
enlarge on this idea with reference to specific site investigations. 


Lake of the Clouds 


THE TIME SCALE OF AN INVASION 


Lake of the Clouds lies in northeastern Minnesota near the border of the United 
States with Canada, some 40 miles (64 km) west of Lake Superior. The lake is in a 
wilderness area, the Boundary Waters Canoe Area, within the Superior National 
Forest. The regional vegetation is largely conifer forest with species of Pinus, Picea, 
Abies, Thuja, and Larix together with northern hardwood genera such as Betula, 
Populus, and Alnus. The map in Küchler (1964) shows the vegetation of the region 
to be a mosaic of ‘Great Lakes Pine Forest’ and ‘Great Lakes Spruce-Fir Forest’ 
(Picea-Abies). There are local conifer bogs. 

The lake is remarkable in that its sediments contain a long sequence of annually 
deposited laminae each of which consists of a couplet of a light-coloured and a dark- 
coloured band. The lake provides an example of iron meromixis of the general type 
described by Ruttner (1963). The formation of light coloured layers occurs in autumn 
or spring when circulation of water in the lake introduces oxygen into the otherwise 
anaerobic iron-rich bottom waters and causes precipitation of ferric hydroxide. The 
darker layers may represent summer sedimentation or organic detritus. This is 
probably a very over-simplified explanation. The limnology of the site has been 
studied by Anthony (1971), who discusses the several forms in which iron occurs in 
the sediment and the possible processes by which they were formed. The physical 
conditions for sedimentation of annual bands are that the lake is deep (31 m at the 
sampling point), is relatively sheltered from wind, and has a very small catchment 
area with no inflowing streams. There is very little wave or current action to cause 
turbulence or to resuspend sediments, as is common in more exposed, shallow lakes 
(Davis 1968). There is little activity by organisms in the deep water at the mud-water 
interface to cause disturbance. This type of situation may be more common in nature 
than has been supposed. Tippett (1964) reported annual laminae from deep lakes in 
eastern Ontario. For obvious reasons deep lakes are less likely to be sampled than 
shallow ones and few have been investigated. 

Craig (1972) counted some 9,400 laminae from a core from Lake of the Clouds, 
which covers nearly all of post-glacial time. He also prepared a relative pollen 
diagram and studied the pollen influx to the site. A long series of radiocarbon dates 
(Stuiver 1971) is also available. The dates amply confirm the assumption made on 
limnological grounds that the laminae were annual. Conversely, the laminae provide 
a most important check on the variation in C!4 in the atmosphere during the last 
9,000 years. 

At Lake of the Clouds, Craig’s data show that in pollen zones LC-4 and LC-s, 
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Table 1. Pollen percentage and influx data from Lake of the Clouds (from Craig 1970 with some further calculations). The bracketed figure after 
age gives vertical number of laminae (years) in pollen sample. Age is given as age of middle lamina of sample. (*Anomalously high results) 
NN 


Pinus 
Pollen influx banksiana/ Pinus 
(10° grains/ P.resinosa strobus 


Pinus 
Pollen Sample Age Pollen banksiana| Pinus £ 
zone number (lamina number) sum Picea %, P. resinosa% strobus% Pinus % 
9 3168 (12) 347 2.9 27.1 39.5 66.6 
10 3624 (10) 308 1.0 32.5 37-6 70.1 
II 4102 (12) 339 0.6 31.6 33-0 64.6 
12 4518 (13) 392 0.8 22.7 46.2 68.9 
LC-5 
13 5022 (13) 342 0.6 32.5 29.8 62.3 
14 5513 (13) 344 0.6 25.0 40.4 65-4 
15 5983 (13) 327 0.3 29.7 34.2 63.9 
16 6444 (10) 348 0.9 40.0 21.2 61.2 
17 6699 (8) 343 0.3 51.6 7-0 58.6 
18 7005 (6) 376 3.2 50.6 10.6 61.2 
LC-4 19 7362 (12) 397 2.3 59-4 1.8 61.2 
20 7721 (12) 404 5.9 60.4 1.7 62.1 
21 8121 (9) 326 2.6 55.2 3-4 58.6 
22 8491 (10) 322 7-5 61.8 3-7 65.5 
LC-3 23 8872 (10) 333 5.1 65.5 = 65.5 
24 9131 (17) 348 10.6 53-4 $52 56.6 
25 9375 (13) 431 19.5 24.9 1.6 26.5 
LC-2 ; 
26 not available 302 33-1 18.5 — 18.5 


cm?/year) influx influx 
28.6 7-7 11.3 
23.2 7-5 8.7 
30.0 9-5 9-9 
55.9* 12.7" 25.8* 
19.7 6.1 5-9 
20.7 5.2 8.4 
23.8 Fat 78 
40.9 16.3 8.7 
31.0 16.0 aim 
38.1 19.3 4.1 
21.9 13.0 0.4 
20.3 12.3 0.3 
31.0 17.1 LI 
45.1 27.9 1.4 
42.5 27.8 — 
16.2 8.7 0.5 
27.5 7:3 0.4 


not available 
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extending from about 8,300 to 3,000 years ago, Pinus is the most abundant pollen type 
with 58% to 70% of the pollen sum at all levels. Betula always makes up about 10% 
of the pollen and Alnus is somewhat less important with about 5% of the pollen. The 
remaining taxa which occur at all levels but in relatively small numbers are Picea, 
Fraxinus nigra, Populus, Cupressaceae, Ulmus, Quercus, and wind-pollinated herbs. 
The data from the Lake of the Clouds pollen diagram which are essential to this paper 
are presented in Table 1. The table is based on data from Craig (1970) and further 
calculations based on those data. 

Three species of Pinus occur in Minnesota. One of these, P. strobus (white pine) 
is a five-needle pine in the section haploxylon. It can be identified separately by its 
pollen morphology. P. banksiana (jack pine) and P. resinosa (red pine) are diploxylon 
pines, two-needle species with pollen of closely similar size and morphology. It has 

-not yet been possible to distinguish between these two in pollen analysis. From the 


earliest post-glacial, pollen of P. banksiana/P. resinosa was abundant. P. strobus was 
absent at first and later was present in small traces with up to 3% of the pollen sum 
at some levels in zone LC-4. P. strobus became as abundant as P. banksiana/P. 
resinosa in LC-s. In percentage terms P. strobus contributed 30-40% of the pollen 
sum in LC-s5 and P. banksiana/P. resinosa about 30%. With this information, the 
time scale for the transition from LC-4 to LC-s and the interpretation of the transi- 
tion can be considered. 

At the 7362 lamina (Table 1) Pinus strobus had 1.8% of the pollen sum. At the 
7005 lamina a value of 10.6% had been attained, 21 2% at 6444, and 34% at 5983 by 
which time the percentage values for P. strobus were stabilised between 30% and 40% 
of the pollen sum. The pollen percentages of P. banksiana|P. resinosa fell steadily 
from a plateau of about 60% of the pollen sum at and below the 7362 lamina to a new 
plateau of 30% at lamina 5983. The interpretation is that a growing P. strobus popula- 
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tion began to increase some time between 7,362 and 7,005 years ago and continued 
to expand its population until some time after 6,444 and before 5,983 years ago, 
i.e. the population expansion occupied at least 700 and perhaps as much as 1,000 
years. There are only five pollen counts from the time when P. strobus was present 
as a trace to the time when it had built up a large and apparently stable population. 
It is clearly desirable to have more closely spaced pollen samples so that the course of 
the transition can be followed in more detail, but the basic picture is unlikely to 
change. The transition from the apparently rather homogeneous vegetation of zone 
LC-4 (duration about 1,800 years) to a new position of stability in zone LC-5 (dura- 
tion about 3,000 years) lasted about 1,000 years. At the same site the expansion of the 
P. banksiana|P. resinosa population at the zone LC-2/LC-3 boundary cannot have 
occupied less than about 500 years (Table 1). Even ina 10,000 year time scale periods 
of 1,000 and 500 years are substantial portions of the whole and they should be looked 
at in detail. The arguments presented are based on percentage pollen counts. The 
pollen influx values have also been calculated and are presented in Table 1. The same 
general picture emerges but, as is discussed later, quite large level to level fluctuations 
in the pollen influx counts make closer sampling desirable so that the significance of 
the fluctuations can be tested. 

The Lake of the Clouds situation, in which a zone to zone transition of long dura- 
tion can be established, is probably very widespread in pollen diagrams, but can 
rarely be quantified. It emphasises that the drawing of pollen zone boundaries may 
be an arbitrary and crude procedure, determined by the greater interest of the in- 
vestigator in periods of stability than in periods of change. 

The present interest in defining pollen zones by objective statistical techniques 
(Gordon & Birks 1972, Cushing 1973) draws attention to this problem. Clustering 
techniques define blocks of relatively homogeneous pollen spectra and, by definition, 
will fail to place intermediate spectra satisfactorily. They underline the general 
character of the vegetational record contained in pollen diagrams, namely that 
periods of stability alternate with relatively long periods of change caused by in- 
vasions. A simple zonation system is a crude tool to deal with this relatively complex 
situation. 

Smith (1965) is one of the few investigators who have drawn attention to the im- 
portance of transitions between zones. Burges (1960) places the subject in its ecologi- 
cal context when he points out how little attention has been paid to the time-scale of 
successional change, even when information was clearly available. Burges was mainly 
concerned with the time-scale of soil profile development, but his observation is also 
valid for palaeoecology. Pollen analysts have a sufficiently accurate time-scale to hand 
at many sites for the study of succession or invasion processes taking place at a rate 
too slow for the individual human observer. 


SOME CHARACTERISTICS OF THE PINUS STROBUS INVASION 


The invasion of a new region by a species such as Pinus strobus may have any of three 
causes. A climatic change may have begun to take place which permits it to grow in 
formerly unsuitable areas; it may be favoured by a stage reached ina soil-development 
process which itself was of long duration, or it may have become extinct over a wide 
area because of some such phenomenon as glaciation, and is now re-immigrating 
from a distant region. Clearly all three factors may interact, but the last seems to have 
been the most important for Pinus strobus (Wright 1968). Craig (1969) showed that 
it was present in the Appalachians of Virginia about 12,000 years ago. This may have 
been the main dispersal centre for its subsequent migrations into New England and 
the Mid-West. The advance of the pine through climax forest seems to have been 
checked only by the dry climate of the prairie-forest border (Wright 1968, 1971). It 
can be assumed that much of the more humid forested region of the Upper Mid-West 
was open to invasion as soon as it could arrive. If there were no environmental brakes 
on the invasion and growth of the population, the biology of the species itself will 
have imposed some limits on its capacity to invade, as must be true of any migrating 
species. 

In trying to visualise and interpret the behaviour of white pine in Minnesota and 
the reaction of the other pine populations to its invasion it is useful to have informa- 
tion about their biology and, in particular, to know the average time from establish- 
ment to maturity for each of the three species. Fortunately, the three Minnesota pines 
are of economic importance and their autecology is well known (Fowells 1965). 

Pinus banksiana flowers at 10-25 years of age, depending on whether it grows in 
open or closed stands. It does not reach a very large size and may not live for more than 
100 years. It is fire-adapted with serotinous cones which open in the heat of forest 
fires. The seed germinates in ash after fire. Asa result, P. banksiana is often found in 
pure stands which mark the site of former fires. It tends to occur on coarse sandy soils 
such as glacial outwash plains. P. strobus and P. resinosa are large and valuable timber 
species. They reach full flowering and fruiting in closed stands at 50 years and may 
live to over 200 years, after which their growth rate falls off. If the invasion occupied 
700 to 1,000 years, the first P. strobus to arrive in the neighbourhood of Lake of the 
Clouds must have grown to maturity and died long before the population reached its 
stable size. This suggests that the immigration took the form of early establishment 
of a small population, grown from relatively small numbers of seeds which were far- 
dispersed from seed parents of the invader which were growing outside the area 
being invaded. As newly established trees matured they would have acted as seed 
parents both for the local increase in size of the population and for further invasion 
outside the local area. This process continued over several generations until a stable 


population size was achieved. It seems possible that plant invasions may normally 
follow this pattern. It is sometimes thought that invasions take the form of rapid 
saturation of all possible sites as a narrow migrating front advances through a region. 
This seems improbable. It assumes that the seed parents can produce a very large 
rain of propagules, although striking data are available for the Pinus species (Fowells 
1965) as to the extent to which seeds fail to ripen, or are not dispersed from their 
cones, or are predated by mammals, birds, and insects. Furthermore, the migrating 
species is in competition with species already occupying the available sites. By their 
very presence, these species limit the capacity of the invader to become established. 
The resistance of existing climax vegetation to change is characterised by Pearsall 
(1959) as ‘inertia’. Pearsall speaks of 500 to 1,000 years as the time that may be 
required to bring about an appreciable change in climax forest by wholly natural 
means. As the white pine invasion at Lake of the Clouds spread over 700 to 1,000 
years, natural fires and wind-throws would have been sufficiently frequent for 
seedlings to become established in small or large light gaps, in which they would be 
in competition with other seedlings only. The chief factor controlling rate of popula- 
tion growth appears to be the time needed to colonise intermittently available light 
gaps by a small surplus of propagules. 

In discussing the population build-up in P. strobus it is important to distinguish 
between several kinds of migrating population. There is invasion of bare land, such 
as a recently exposed moraine, or abandoned agricultural land, by forest. The trees 
have no competitors. Pure stands of birch forests may readily be established on young 
moraines after a brief period of soil development, just as the invasion of derelict farm 
land in the southeastern United States by pines is a familiar process. The invasion 
by P. strobus was different in character for it involved the insertion of a new species 
into a climax forest. We have no good modern analogy for this process because, in 
Europe at least, the activity of man has transformed the problem of dispersal (Webb 
1966). Probably the best analogue for P. strobus is the migration history of Picea abies 
in Scandinavia (Faegri 1949, Tallantire 1972). Tallantire’s map shows that spruce, 
which was present in eastern Finland about 3000 B.C. had reached southwest Finland 
by 1500 B.C. and had spread extensively into central Sweden by 1000-400 B.C. 
Further expansion in southern and northern Sweden had taken place by the early 
centuries A.D., and the spruce finally arrived in western Norway in the period 
1100 to 1400 A.D. Faegri’s pollen analytical data also show that in much of western 
Norway spruce is a very recent immigrant. Faegri’s description (1949, p. 13) of the 


field occurrence of one spruce stand is of interest. ‘Along the eastern banks of 


Lygnavatn the spruce occurs irregularly; in some places there is much of it, in other 
places practically nothing. The clumps of spruce consist of specimens of greatly 
varying size, but on the whole there are few big trees. The whole community gives 
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the impression of a species expanding its area. In the vicinity of the bog where we 
collected our samples, there was a small clump of spruce, a few hundred trees in all, 
most of which were very young and hardly flowering yet.’ Faegri also (p. 24) em- 
phasises the importance of the establishment of scattered individuals as seed parents 
for a much larger population expansion. The present behaviour of spruce in western 
Norway may provide a valuable analogue for the behaviour of P. strobus in the early 
part of its population expansion. It is interesting to note the implication in both cases 
that the rate of population growth was not restricted by lack of suitable sites, but by 
the need for time to disperse a sufficient number of surplus propagules into light 
gaps as they become available, and to mature a sufficient number of seed parents. 


THE GROWTH CURVE OF THE PINUS STROBUS POPULATION 


One of the difficulties in studying rates of population increase from pollen and seed 
data is that one needs to know both the time and the numbers of individuals con- 
cerned. Annual laminae give a time scale which can clearly be refined enormously by 
closer sampling. There is no possibility of finding out numbers of individuals, and 
plainly pollen can be produced in varying quantity by trees of various sizes, ages, and 
distribution patterns about which we can gain no information, but it is reasonable to 
assume that, in a broad sense, the rate of increase in the population of a species is 
proportionate to the rate of increase in the number of pollen grains of the species 
sedimented per unit area in unit time. There is evidence (Pennington 1973) that each 
basin of sedimentation may have its own characteristics as a pollen trap, so that the 
absolute number of pollen grains/em?/annum may vary greatly from basin to basin 
and prevent one from establishing any relationship between pollen influx and upland 
population size. In spite of this, the growth curve for the population can be studied 
within one basin and may prove to have the same form and duration for all basins 
within a limited region, reflecting the behaviour of the species in relatively uniform 
upland vegetation. 

The pollen curve for Pinus strobus at Lake of the Clouds, and at Jacobson Lake, 
Minnesota, where a time scale can also be fitted (Wright & Watts 1969, Stuiver 1971) 
takes the form of a rather long ‘tail’ with low percentage or influx values at first, then 
a steady rise which appears steep and brief in the pollen diagram, but occupies 
700-1,000 years at Lake of the Clouds and can be calculated as a minimum of 500-600 
years at Jacobson Lake, then a cessation of further growth with a flattening of the 
curve. The growth curve seems to have been ‘S-shaped’, as is common for biological 
populations which find it easy to exploit an initially uncompetitive situation. 
Examples of such curves are quoted in many ecological textbooks, for example by 
Kormondy (1969). The general pattern is an initial slow rate of growth followed by 
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an increase in rate to a maximum, then a flattening of the curve as the population 
stabilises itself with relationship to its environment. The behaviour of the Pinus 
strobus population seems to have followed this pattern and may be visualised as 
follows. The initial slow growth rate corresponded to an early period of seedling 
establishment and maturation in small numbers. As soon as the first trees within the 
population were mature, they began to pollinate and seed freely. At this point a rapid 
increase in the growth rate of the population was possible, because the local seed 
rain within the forest was much intensified and the chance of establishment greatly 
increased. Finally, the population growth curve flattened out as the white pine began 
to meet environmental resistance in the form of competition from other species for 
resources, or, perhaps more probably, from intra-specific competition, expressing 
itself as density-determining self-thinning (Harper 1967). The ‘S-shaped’ curve as 
a model for population growth is largely based on laboratory experiments with single 
species in culture. In these cases the flattening of the curve after the phase of rapid 
expansion must be due to intra-specific competition for space and resources. The 
growth of the Pinus strobus population took place in the presence of other tree species. 
If there is an analogy to the laboratory experiments, then the white pine invasion was 
not effectively controlled by competition from other tree species at first. The control 
on numbers seems to have been intra-specific, a self-thinning effect which became 
effective as the white-pine density on the available sites reached an optimum. 

At this point it is desirable to refer to some of the experimental difficulties which 
may make deductions of this type hazardous. We lack sufficiently closely spaced 
samples at Lake of the Clouds to make the assumption of the ‘S-shaped’ curve more 
than a plausible hypothesis. Obviously it is possible and desirable to increase the 
number of samples and the number of pollen grains counted at each level to improve 
the statistical reliability. In particular, the considerable level to level variation in 
pollen influx values (Table 1) requires attention. They may arise from experimental 
error inherent in the procedure used. Alternatively, there may be real and quite large 
fluctuations around a mean pollen influx value. In either case, a much larger number 
of samples with larger pollen sums will permit a better assessment of the data. With 
this information available, it should be possible to state the form of the curve more 
accurately and to test its consistency with existing models for population growth. 
This might permit a better evaluation of the extent to which the white pine en- 
countered competition from other species during its phase of maximum growth rate. 

There is a technical difficulty in distinguishing between the pollen of Pinus 
strobus and of other pine species. Well-preserved specimens present no difficulties, 
but broken or crumpled pollen grains, which may be the majority, may be in- 
determinable. The procedure used by Craig (1972) and by Wright and Watts (1969) 
is to count as many perfect pollen grains as is practicable (Table 2) and to calculate 
on the assumption that the proportion between pine species found in the perfect 


specimens will be repeated in the damaged ones. ‘This is not necessarily true, and a 
particular problem arises at the beginning of the growth curve for Pinus strobus where 
the presence of only one or two of its rather conspicuous pollen grains may be given 
a spurious importance by the procedure adopted in calculating percentage and influx 
values. This problem can also be controlled more adequately by larger pollen counts. 
There is also a real difficulty in the early stage of establishment when the local pollen 
rain of the invader is small and it is supplemented by pollen of the same species 
transported from distant sources. Even if one equates pollen influx with population, 
it is valuable to be able to say at what point local establishment began, so as to avoid 
an excessively long ‘tail’ at the beginning of the growth curve. The only critical 
evidence which can be brought to bear on this is the presence of macrofossils. At 
Jacobson Lake (Wright & Watts 1969) macroscopic remains of Pinus strobus, both 
needle fragments and seeds, are present in a core taken near the shore of the lake from 
the middle point of rapid growth of the population, but not earlier (Table 2). It is 
interesting that P. resinosa is present macroscopically as needle fragments at the level 
of initial expansion of P. strobus (Table 2). This is the only critical evidence of which 
the author is aware from the whole Mid-West which identifies a pine species prior to 
the expansion of white pine. It is, of course, possible that P. banksiana was also 
present but positive evidence is lacking. 


Table 2. Jacobson Lake. Near-shore core. Ratios of 
Pinus strobus pollen to P. resinosa/P. banksiana in 50 
grains scored. (M)—macrofossils present. Data from 
Wright & Watts (1969). 


P. resinosa| P. banksiana 


Depth (cm) P. strobus 


480 44 (M) 6 (M) —P. resinosa 
490 40 (M) 10 (M)—P. resinosa 
500 39 (M) 11 (M)—P. resinosa 
510 41 (M) 9 
520 38 (M) 12 
530 28 (M) 22 
540 12 38 
550 5 45 (M)— P. resinosa 
560 4 46 (M)—P, resinosa 
570 ! 49 
580 o 50 
590 1 49 
600 o 50 
610 o 50 
620 o 50 


COMPETITION WITH EXISTING SPECIES 


It is notable that, at Lake of the Clouds, Pinus banksiana/P. resinosa suffered most 
reduction in numbers as P. strobus invaded. Both the pollen percentage and influx 
figures (Table 1) make this clear. The pollen representation of other species was little 
changed (Craig 1972). The pines, particularly P. strobus and P. resinosa, both occupy 
the same kind of rather coarse, sandy, nutrient-poor, podsolised soils whereas 
P. bankstana has a more specialised ecology, as already outlined. It seems likely that 
what one is seeing at the LC-4/LC-5 boundary is the mutual numbers adjustment of 
two species with similar requirements. It is not possible to demonstrate this with any 
satisfying precision, although the macrofossil evidence from Jacobson Lake (Table 2) 
is consistent with this interpretation. It is worth noting that experiments have been 
reported in which two species have been grown mixed in various numerical propor- 
tions. Harper (1967) comments that ‘the essential criterion for a balanced “co- 
occurrence” of two species is that the minority component should always be favoured’. 
In other words, given a P. resinosa/P. strobus mixture, both capable of occupying the 
same sites, the two species tended to stabilise their numbers after a period in which 
the less common species increased at the expense of the more common. This may 
have been the historical situation at Lake of the Clouds and Jacobson Lake. The 
assumption would be that P. strobus could increase its population essentially because 
it was not hindered by intra-specific competition, the main factor which stabilised 
the numbers of P. resinosa. While its population was small any seedling would have 
a higher chance of establishment in a light gap than any P. resinosa seedling. As its 
numbers grew it would be subject to the same constraint so that its advantage would 
decrease. As the P. strobus invasion progressed, the two species would adjust their 
seedling establishment strategies relative to one another by some form of niche 
specialisation to enable them to co-exist, a process in which natural selection would 
play its part. Examples of this type of process are reported in the ecological literature 
(Harper 1967, Kormondy 1969). 

In this discussion it is assumed that the correlation of the immigration of P. 
strobus with climatic change is unnecessary, or that it is of only minor importance. 
The insertion of the species into the existing climax communities is an example of 
immigration followed by a new equilibrium. The immigration might have been 
favoured by climatic change, but need not have been so. 


Faulenseemoos 


At the Faulenseemoos, a drained swamp near Spiez beside the Lake of Thun in 
Switzerland, Welten (1944) reported the occurrence of annually banded sediments 
which occupy much of late-glacial and post-glacial time. At this site, annual couplets 
consist of light-coloured carbonate-rich bands, the result of the lake’s summer 
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productivity, and dark winter bands rich in fine organic detritus and clay. 

Welten’s most detailed pollen diagram (his Profile XI, Fig. 15) is accompanied 
by a chronology based on the annual laminae. Irrespective of its absolute accuracy, 
it provides a time scale for measuring rates of change. Data from a portion of the 
pollen diagram are abstracted in Table 3. The diagram excludes herb pollen from the 
pollen sum, but as the amounts of leib pollen at the relevant levels are small, and 
consist almost entirely of grass pollen and fern spores, they can be ignored in the 
present discussion. The pollen sum used, although it is not stated explicitly, appears 
to have been small, and may have been as low as 100 at many levels. A larger pollen 
sum would have been desirable to give greater statistical accuracy, but the events 
being studied are so strongly expressed that they emerge clearly in small counts. 

The Faulenseemoos profile documents the invasion of Corylus avellana in the 
early post-glacial, a very striking feature of pollen diagrams from much of Europe 
north and west of the Alps. Corylus pollen is present in small percentages from 1,285 
to 1,280 cm (Table 3). Above 1,280 cm the Corylus curve begins to rise steeply and 
continues to rise to 1,267.5 cm where it contributes 83% of the pollen sum. Above 
that level its percentage contribution is stabilised and falls back slightly. The period 
from the beginning of the Corylus rise to its maximum percentage value (based on 
lamina counts) is about 320 years. 

Corylus probably flowers and fruits freely while as little as 25 years old. As with 
Pinus strobus at Lake of the Clouds, the evidence is that the growth of the hazel 
population, expressed by its pollen percentage curve, occupied the life time of 
several, perhaps as many as ten, generations of the shrub. Successful establishment 
of a small number of seedlings to act as seed parents for the Second generation of in- 
vaders is all that was required, given the time available, to permit a major population 
expansion. 

Corylus is included in the pollen sum in Table 3. Many authors, including Welten, 
follow the practice of excluding Cor ylus from the pollen sum on the grounds that it is 
a shrub and that the pollen sum should comprise canopy-forming trees only. Welten 
sets out the arguments in favour of this procedure. If it is followed, the expansion of 
the population of Ulmus + Tilia + Quercus extends from between 1,277.5 and 
1,280 cm where the first traces appear, to 1,265 cm where the percentage values for 
the three trees stabilise at about 80%, a time scale of 400 years. This is a less useful 
figure than the figure for Cory/us, because it assumes the concept of ‘mixed oak forest’, 
a common convention in pollen diagrams from continental Europe, whereas the 
species of the three genera must behave independently as populations. 


Marks Tey 


Turner (1970) reports annual laminae from an interglacial site at Marks Tey, in 
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Table 3. Pollen percentage data from Faulenseemoos, Profile XI. Abstracted and partially recalculated 
from Fig. 15 in Welten (1944). Corylus is included in the pollen sum. Infrequent pollen types, espe- 
cially Hippophae, omitted. Tr.—Trace 


Quercus + Timescale in 
Ulmus + annual 
Depth (cm) Salix % Betula % Pinus % Tilia %, Corylus% laminae 
1260 Tr: I 2 20 77 
1262.5 Tr: si 2 21 77 
1265 2 = 3 16 79 
1267.5 = > 5 10 83 
1270 m 2 7 12 79|¢ 
1272.5 = 3 18 14 65 | 320 
1275 = 18 39 15 28 | years 
1277.5 I 27 53 3 17 
1280 2 17 77 Tr 2 
1282.5 4 17 77 2 i 
1285 6 13 79 2 1,400 
1287.5 6 10 82 c years 
1290 3 5 go 600 
1292.5 4 13 82 years 
1295 6 8 83 
1297.5 3 Il 83 
1300 3 6 89 
1302.5 3 19 77 Te. 
"1305 6 16 78 Tr. 
1307.5 2 33 64 
1310 I 27 69 


Essex, some 50 miles (80 km) north-east of London. The laminae are composed of 
couplets of light-coloured layers of diatom frustules, an almost pure population of 
Stephanodiscus astraea var minutula, associated with a thin layer of calcite crystals, 
followed by darker bands with an increased proportion of organic material. It is 
argued that the diatoms and calcite represent the early summer and summer flush 
of growth and photosynthesis in the Marks Tey lake and that organic material was 
increasingly precipitated at the end of the growing season and into winter. Turner’s 
paper establishes that the duration of pollen zones in the Hoxnian interglacial period 
is quite comparable to that for similar events in the post-glacial. The very interesting 
phase of high percentages of herb pollen in zone Hot Ic, attributed to local forest 
destruction by large browsing mammals, has a duration of at least 500 years, assum- 
ing a uniform thickness of the laminae. Unfortunately, the time scale provided by 


the laminae is not closely linked with the pollen diagram, and closer sampling would 
be necessary to study the detailed course of population establishment for any one 
species. A 25 cm sampling interval in Marks Tey zones Hortc and Hottta repre- 
sents 250 years! As at Lake of the Clouds and Faulenseemoos, the annual bands at 
Marks Tey can provide a time scale for the minute study of transitions. 


Jacobson Lake 


STABILITY 


During an invasion the population of the immigrant species grows vigorously for a 
time and then becomes stabilised as it meets increased environmental resistance. The 
other species of the climax forest adjust their numbers to admit the newcomer. After 
this period, stability follows in which the component species of the climax forest 
each reach an equilibrium level and their numbers may fluctuate around a mean with 
little amplitude to the fluctuations. This can be seen in the data from Faulenseemoos 
(Table 3) between 1,305 and 1,280 cm, a period of some 600 years in which a pine- 
birch-willow forest was present. This example is not altogether satisfactory because 
of the limited diversity of tree taxa. Table 4 presents raw pollen data for twelve im- 
portant tree taxa for a period of 1,200 years in the later post-glacial at Jacobson Lake 
which has a much richer flora. The full pollen diagram is published in Wright and 
Watts (1969). The pollen spectra in Table 4 show a high degree of uniformity from 
level to level. From the statistical point of view the data are highly homogeneous. It 
is assumed that such a homogeneous series of pollen spectra is the expression of a 
stable climax forest which did not change significantly in the period under considera- 
tion. The plant associations which made up the vegetation cover were, no doubt, 
quite the same at the end of the period as they were at the beginning. This emphasises 
the view already expressed, that pollen diagrams record alternating periods of 
vegetational stability which may be of long duration with periods of invasion and 
re-adjustment which may also be protracted. The pollen zone concept is inadequate 
to express these two different kinds of situation. 

Although the evidence for stability is on a sounder statistical basis in pollen 
diagrams than with macrofossils, fossil fruits, seeds, and leaves may also exhibit a 
high consistency in species composition from level to level. This is well illustrated in 
plant macrofossil assemblages from the late-glacial and early post-glacial of 
Minnesota (Watts 1967a). The same conclusion may be drawn, that the fossils reflect 
the persistence over long periods of time of well-defined upland and aquatic plant 
associations which were subject to change by invasion at the termination of a period 
of stability. 
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Table 4. Jacobson Lake. Off-shore profile Zone JL-4. Raw pollen data for 12 most important tree taxa. Pollen sum 300 at all levels. Time span about 1,200 years. Pollen diagram 


in Wright and Watts (1969). 


L 
Pinus strobus| 


P. resinosa-type 


Depth Fraxinus proportion in Ostr yal 

(cm) Picea Larix nigra-type Betula Alnus Abies Pinus 50 grains Ulmus Quercus Carpinus Tilia Corylus 
210 4 1 = 46 4 3 194 41: 9 — 10 2 I — 
220 10 1 2 48 10 4 177 40:10 I 17 3 — — 
230 9 2 3 49 II 5 169 38:12 2 19 3 — 1 
240 4 I I 24 4 7 238 44: 6 — 3 1 2 — 
250 3 2 1 50 8 6 187 40: 4 I 16 5 — 1 
260 I 7 1 45 5 3 218 39:11 — 9 2 — 1 
270 3 3 1 50 10 2 200 44: 6 — 16 — — = 
280 3 3 3 24 5 3 222 34:16 — 15 2 I 1 
290 4 3 28 7 3 213 35:15 — 15 z — I 
300 3 — — 32 9 4 215 40:10 2 12 — 1 2 
310 2 5 I 37 5 2 194 43: 7 2 18 5 s: I 
320 — 2 — 37 12 2 203 43: 7 2 17 6 = I 
330 3 5 2 25 4 3 236 46: 4 I 11 2 — = 
340 2 2 2 38 6 5 210 39:11 I 17 1 — — 
350 2 — I 28 10 3 217 47: 3 3 18 — — — 


Species composition of stable communities 


The modern plant sociologist who studies the forest flora of a species-poor region 
such as north-west Europe can distinguish a limited number of well-characterised 
plant associations with success. With considerable field experience of plant associa- 
tions it becomes difficult to accept that their component species might occur in quite 
different combinations and numerical proportions, but the fossil evidence makes it 
clear that this was the case. Self-evidently invasion of the mid-western forests of 
North America by Pinus strobus created a new phytosociological situation, and there 
are well-known difficulties in relating in detail what we know about late-glacial 
floras to modern plant associations (Cushing 1967). Some of the most striking evi- 
dence comes from interglacial floras (West 1964). West states that ‘our present plant 
communities have no long history in the Quaternary but are merely temporary 
aggregations under given conditions of climate, other environmental factors, and 
historical factors.’ If one takes the post-glacial forest sequence in northwest Europe 
as a standard, it is possible to categorise the ways in which the interglacial successions 
are distinctively different. First, there is no consistent order of immigration of tree 
species. As an example, Hedera in the Gortian interglacial period in Ireland (Watts 


1967b) immigrated with pine and birch before oak or elm, with which it is closely 
associated in the post-glacial. Species also vary greatly in their numerical representa- 
tion in each interglacial. U/mus is present only as traces in the Gortian deposits 
referred to, whereas it has higher percentage values in the pollen rain in post-glacial 
deposits in Ireland than anywhere else in western Europe. Assemblages in inter- 
glacial floras may differ from any now known, as the abundance of Acer monspes- 
sulanum, now a south European species, at some sites of Ipswichian interglacial age 
in Britain makes clear. Finally, apparently discordant elements can occur in forest 
assemblages. A good example is the occurrence of Picea abies in a flora in which Abies 
alba, Rhododendron ponticum, Ilex aquifolium, Taxus baccata, and hymenophyllaceous 
ferns are conspicuous components late in the Gortian interglacial in Ireland (Watts 
1967b), a species normally found in areas with a severe winter climate in association 
with species that require winter warmth and an oceanic climate. 

West’s observation that plant communities are ‘merely temporary aggregates’ 
seems fully substantiated. It seems possible that forest assemblages owe their com- 
position far more to purely historical factors such as the location of a surviving 
population after a period of unfavourable climate, and its capacity to expand and 
migrate subsequently, than to any necessity for particular groups of species to be 
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associated together. Clearly species cannot associate together quite freely because, 
within broad limits, there are controls exercised by climate and other environmental 
factors such as soil characteristics, but within broad climatic and environmental 
limits forest associations appear to have formed readily in the past from the locally 
available species. What becomes of particular interest, is to define the characteristics 
or circumstances which enable a species to begin to act as an aggressive migrant. 


Macrofossils 


In an earlier paper (Watts & Winter 1965) the author made a case that the study of 
plant macrofossils would be on a better basis if fruits and seeds were extracted fully 
from standard volumes of sediment and the quantitative results expressed as a ‘seed 
diagram’. This allows one to establish exact relationships between pollen diagrams 
and macrofossil records, so that the precise location in a core of a particular seed or 
fruit can be related to the events recorded in a pollen diagram. It was also pointed out 
that pollen grains and seeds had some common characteristics as fossils, and that 
some of the concepts of pollen-analysis usefully apply to seed-analysis if results are 
presented in a quantitative and systematic manner. 

For the purposes of the present study macrofossils must play a secondary role to 
pollen analysis, because the study of population growth requires a better statistical 
control than is possible with macrofossils which may fluctuate greatly in number from 
level to level, and which are not effectively mixed in the way pollen is in the air, so 
that the macrofossil assemblage is hardly a valid sample of the ‘seed rain’. However, 
there are two points where macrofossil studies are particularly useful in relation to 
population investigations. Pollen analysis cannot define critically the first moment 
at which an invading species is present locally. A species which has a large macrofossil 
and a large pollen production, such as Pinus strobus (Table 2) is very suitable for study, 
because there is a good chance that macrofossils may be found at critical levels which 
greatly assist interpretation. Second, the very fact that many pollen taxa cannot be 
identified beyond generic level means that one depends on macrofossil analysis for 
species determination, and for increasing the species list of an assemblage by adding 
species which may be unrepresented in the pollen rain. The consistent occurrence of 
certain macrofossil assemblages (West 1964, Watts 1967a, 1967b) provides some of 
the most critical evidence that plant associations are ephemeral and that quite 
different, and often surprising, associations commonly occurred in the past. 


Conclusions 


This paper began by stating the opinion that pollen and seed diagrams are rich 


sources of information about vegetation, but because interest has centred on strati- 
graphic correlation and the characterisation of vegetation at particular times in the 
past, the information has not been fully used. In particular, the possibilities of study- 
ing processes in vegetation which occupy long periods of time, and for which an exact 
time scale is available, have generally been overlooked. The emphasis of the paper 
has been to select a number of sites where a particularly accurate time-scale is 
available and, taking a number of species in isolation, to see how they behaved as 
populations over long periods. The question must arise whether the results reported 
have some general applicability, or whether they represent exceptional special cases. 
This can only be resolved in a completely satisfactory manner by studying a wider 
range of sites but it is considered that the pollen diagrams studied do not show excep- 
tional features and that it is permissible to generalise from the results. The following 
generalisations are made: 

1 Pollen diagrams, and, to a lesser extent, seed diagrams are a record of the alterna- 
tion of periods of vegetational stability with periods of transition and change caused 
by plant invasions. Invasion phases may occupy as much as 500 to 1,000 years at sites 
where an accurate time scale is available. The traditional method of drawing pollen 
zone boundaries ignores transitions between stable phases. In this respect pollen 
zones are inadequate to express the information available. 

2 Invasion phases are long enough to span several to many generations of the in- 
vading species. Invasion appears to be a gradual opportunist process, the success of 
which depends on high competitive ability in seedling establishment of the invader 
while its population has a low density. 

3 The population growth curve of an invading species is ‘S-shaped’ and is reminis- 
cent of growth curves in classic studies in population ecology. The exact form of the 
curve and its comparison with mathematical models of population growth requires 
more detailed study. The flattening of the growth curve when the population reaches 
its equilibrium level may be an effect of intra-specific competition and self-thinning. 
4 After an invasion is complete, stability results which persists until a further in- 
vasion takes place and population numbers are adjusted once more to accommodate 
the invader. Stable populations offer little initial resistance to invasion. The ultimate 
control on the numbers of the invader’s population appears to be intra- rather than 
inter-specific competition. 

5 ‘The evidence of invasions and the record of interglacial plant successions confirm 
that plant associations are not persistent in time. Forest species in north temperate 
regions, within broad climatic and environmental limits, can occur in a very wide var- 
iety of assemblages, many of which are unfamiliar to contemporary plant sociology. 
The main factor determining the species assemblage and numerical relations be- 
tween species appears to be location of populations at critical times historically. 


6 Macrofossils provide valuable subsidiary information to pollen diagrams. They 
permit accurate assessment of first local occurrence of invading species. They also 
allow a large range of species determinations to be made which are not possible with 
pollen. This permits more accurate and detailed statements to be made about species 
assemblages in the past than is possible by pollen analysis alone. However, macro- 
fossils are much less suitable for statistical treatment than pollen influx data. In 
population studies, macrofossil analysis can only play a subsidiary role to pollen 
analysis. . 
This paper surveyed the existing information in published investigations which 
were not prepared with the possibility of detailed population studies in mind. Sites 
such as Lake of the Clouds, where the chronological control is very good, invite more 
detailed study of invasion processes by close-interval sampling and large pollen 
counts. No doubt other similar sites can be found when their potential value is fully 
appreciated. Some of the other issues discussed, such as competition and the limita- 
tions on ultimate population size for any one species are more speculative and it is 
doubtful whether much more progress can be made to illuminate these problems by 
fossil studies. However, the value of a rigorous attempt to visualise the processes 
recorded in palaeoecological records is asserted, and for this purpose some knowledge 
of the ideas of population ecology is clearly relevant to students of the Quaternary. 


Acknowledgement 


Much of the practical work referred to in this paper, particularly at the Jacobson 
Lake site, was carried out at the Limnological Research Center, University of 
Minnesota. I would like to record my thanks to Professor H.E. Wright, Jr., for the 
facilities made available to me at Minnesota and for valuable and stimulating 
discussion. 


References 


American Commission on Stratigraphic Nomenclature (1961) Code of Stratigraphic Nomenclature. 
Bull. Am. Ass. Petrol. Geol. 45, 645-65. 

ANTHONY R.S. (1971) The mechanism of varve formation in Lake of the Clouds, Lake County, Minnesota. 
M.S. thesis, University of Minnesota. 

Birks H.H. (1973) Modern macrofossil assemblages in lake sediments in Minnesota, (this volume). 

BurGes A. (1960) Time and size as factors in ecology. J. Ecol. 48, 273-85. 

Craig A.J. (1969) Vegetational history of the Shenandoah Valley, Virginia. Geol. Soc. Am. Special 
Paper 123, 283-96. 

CRAIG A.J. (1970) Absolute pollen analysis of laminated sediments: a pollen diagram from northeastern 
Minnesota. M.S. thesis, University of Minnesota. 


Rates of change and stability in vegetation 205 


CRAIG A.J. (1972) Pollen influx to laminated sediments: a pollen diagram from northeastern Minnesota. 
Ecology 53, 46-57. 

Custine E.J. (1967) Late-Wisconsin pollen stratigraphy and the glacial sequence in Minnesota. In 
Quaternary Paleoecology (ed. by E.J. Cushing & H.E. Wright), pp. 59-88. Yale University Press, 
New Haven and London. 

Custinc E.J. (1973) Multivariate techniques applied to palynological problems: a review. (this volume). 

Davis M.B. (1967) Pollen accumulation rates at Rogers Lake, Connecticut, during late- and post- 
glacial time. Rev. Palacobotan. Palynal. 2, 219-30. 

Davis M.B. (1968) Pollen grains in lake sediments: redeposition caused by seasonal water circulation. 
Science, N. Y. 162, 796-9. 

FAEGRI K. (1949) Studies on the Pleistocene of Western Norway Z. On the immigration of Picea abies 
(L.) Karst. Arbok Univ. Bergen (Naturv. Ser.) 1, 1-52. 

FoweLLs H.A. (1965) ed. Silvics of Forest Trees of the United States. U.S. Dept. Agr. Handb. 271, 
762p. Washington D.C. 

Gorpon A. & Birks H.J.B. (1972) Numerical methods in Quaternary Palaoecology 1. Zonation of 
pollen diagrams. New Phytol. 71, 961-79. 

HARPER J. (1967) A Darwinian approach to plant ecology. J. Ecol. 55, 242-70. 

Kormonpy E.J. (1969) Concepts of Ecology. Prentice-Hall, Englewood Cliffs, New Jersey. 

KiicHier A.W. (1964) Potential natural vegetation of the conterminous United States. Am. Geogr. 
Soc. Spec. Publ. 36, 116p. 

Pearsatt. W.H. (1959) The ecology of invasion: ecological stability and instability. Nem Biology 29, 
95-101. 

PENNINGTON W. (1973) Absolute pollen frequencies in the sediments of lakes of different morphometry. 
(this volume). 

PENNINGTON W. & Bonny A.P. (1970) Absolute pollen-diagram from the British Late-glacial. Nature 
Lond. 226, 871-3. 

Ruttner F. (1963) Fundamentals of limnology. University of Toronto Press, Toronto. 

SMITH A.G. (1965) Problems of inertia and threshold related to post-glacial habitat changes. Proc. R. 
Soc. B 161, 331-42. 

StTuIver M. (1971) Evidence for the variation of atmospheric C'* content in the Quaternary. In The 
Late Cenozoic Glacial Ages (ed. by K.K. Turekian), pp. 57-70. Yale University Press, New Haven 
and London. 

TALLANTIRE P.A. (1972) The regional spread of spruce (Picea abies (L.) Karst.) within Fennoscandia: 
a reassessment. Norm. J. Bot. 19, 1-16. 

Tauser H. (1967) Differential pollen dispersion and filtration. In Quaternary Paleoecology (ed. by 
E.J. Cushing & H.E. Wright), pp. 131-41. Yale University Press, New Haven and London. 
Tippett R. (1964) An investigation into the nature of the layering of deep-water sediments in two 

Easter Ontario lakes. Can. J. Bot. 42, 1693-709. 

Turner C. (1970) The Middle Pleistocene deposits at Marks Tey, Essex. Phil. Trans. R. Sac. B 257, 
373-440. 

Watts W.A. (1967a) Late-glacial plant macrofossils from Minnesota. In Quaternary Palenecalogy (ed 
by E.J. Cushing & H.E. Wright), pp. 89-97- Yale University Press, New Haven and London. 

Watts W.A. (1967b) Interglacial deposits in Kildromin Townland, near Herbertstown, Co. Limerick. 
Proc. R. Ir. Acad. B 65, 339-48. 

Warts W.A. & WINTER T.C. (1965) Plant macrofossils from Kirchner Marsh, Minnesota—a paleco- 
ecological study. Bull. geol. Soc. Am. 77, 1339-60. 


206 W.A. Watts 


Wers D.A. (1966) Dispersal and establishment: what do we really know? In Reproductive Biology and 
Taxonomy of Vascular Plants (ed. by J.G. Hawkes), pp. 93-102, Pergamon Press, London. 
WELTEN M. (1944) Pollenanalytische, stratigraphische and geochronologische Untersuchungen aus 

dem Faulenseemoos bei Spiez. Verdff: geobot. Inst., Zürich 21, 201p. 
West R.G. (1964) Inter-relations of ecology and Quaternary palaeobotany.7. Ecol. 52 (Suppl.), 47-57- 
Wricut H.E. (1968) The roles of pine and spruce in the forest history of Minnesota and adjacent areas. 
Ecology 49, 937-55- 
Waraicut H.E. (1971) Late Quaternary vegetational history of North America. In The Late Cenozoic 
Glacial Ages (ed. by K.K. Turekian), pp. 425-64. Yale University Press, New Haven and London. 
Wricut H.E. & Watts W.A. (1969) Glacial and vegetational history of northeastern Minnesota. 
Minn. geol. Surv. Spec. Publ. 11, 59p. 


